Abstract A statistical cirrus scheme that tracks ice saturation ratio in the clear-sky and cloudy portion of a grid box separately has been implemented into the Community Atmosphere Model CAM5 to provide a consistent treatment of ice nucleation and cloud formation. Simulated ice supersaturation and ice crystal number concentrations strongly depend on the number concentrations of heterogeneous ice nuclei (IN), subgrid temperature formulas, and the number concentration of sulfate particles participating in homogeneous freezing, while simulated ice water content is insensitive to these perturbations. Allowing 1-10% of dust particles to serve as heterogeneous IN is found to produce ice supersaturation in better agreement with observations. Introducing a subgrid temperature perturbation based on long-term aircraft observations produces a better hemispheric contrast in ice supersaturation compared to observations. Heterogeneous IN from dust particles alter the net radiative fluxes at the top of atmosphere (TOA) . Aerosol effects on cirrus exert an even larger impact on the atmospheric component of the radiative fluxes (2 or 3 times the changes in the TOA radiative fluxes) and therefore through the fast atmosphere response on the hydrological cycle. This points to the urgent need to quantify aerosol effects on cirrus through ice nucleation and how these further affect the hydrological cycle.
Introduction
Cirrus clouds cover about 17% of the Earth's area [Sassen et al., 2008] (about 30% when subvisible cirrus is included [Wang et al., 1996] ), and play an important role in the climate system by regulating the energy and hydrological cycles. They form through homogeneous freezing of liquid solution such as sulfate droplets [Koop et al., 2000] and/or heterogeneous freezing involving the surfaces of insoluble particles serving as ice nuclei (IN) [Pruppacher and Klett, 1997; Zobrist et al., 2007] . Though cirrus is important, our understanding of cirrus processes is still poor, and it is even more challenging to model cirrus in climate models.
One challenge is to understand the ability of aerosol particles serving as heterogeneous IN in cirrus [Hoose and Mohler, 2012] . Laboratory experiments and field observations show that mineral dust particles, soot, bioaerosols (e.g., bacteria, fungal spores, pollen, and diatoms), solid ammonium sulfate, organic acids, and humic-like substances are the main groups of atmospherically-relevant IN. Dust particles are shown to be efficient heterogeneous IN by most studies, though their ice freezing capability may depend on their surface areas [DeMott et al., 2010] , mineralogies [Atkinson et al., 2013] , and coating from other species [Figure 9 in Hoose and M€ ohler, 2012] . The ice freezing capability of soot particles is more uncertain, and soot particles are generally viewed as less efficient ice nuclei than dust particles [Hoose and Mohler, 2012] . Bioaerosol particles can be very active IN at subzero temperatures [Despres et al., 2012] , though their role in cirrus formation can be limited since bioaerosol particles are much less abundant compared to dust and soot particles in the upper troposphere. Crystalline ammonium sulfate and organic solids are shown to be efficient IN in cirrus conditions [Abbatt et al., 2006; Shilling et al., 2006] , while organic acids in a glass state at temperature below 265 C is also shown to be efficient IN [Murray et al., 2010; Baustian et al., 2013] .
Using four aircraft measurement campaigns over North and Central America and nearby ocean, Cziczo et al. [2013] has shown that mineral dust and metallic particles are dominant sources of ice crystal residual particles in cirrus, while sulfate/organic particles are underrepresented. Cziczo et al. [2013] has further shown tion with decreasing temperature, which might suggest that ice crystals are primarily formed through homogeneous freezing for this type of cirrus. For in situ cirrus and subvisible cirrus in the Tropical Troposphere Layer (TTL), it has been shown that dust particles do not appear to be enhanced in ice crystal residual measurements relative to ambient aerosol population and that most of the ice crystal residuals are internally mixed sulfate and organics [Froyd et al., 2010] , which leads to the suggestion that these ice crystals are formed heterogeneously on glassy aerosols or solid ammonia sulfate [Froyd et al., 2010; Jensen et al., 2010; Jensen et al., 2013] .
Another challenge in modeling cirrus in climate models is to represent the competition between homogeneous freezing and heterogeneous freezing. Simulating this competition requires the accurate description of the time evolution of saturation ratio with respect to ice. However, due to coarse model resolution and large time steps, climate models are unable to explicitly simulate the evolution of saturation ratio inside cirrus. In early studies, fixed threshold heterogeneous IN number concentrations were used to determine whether homogeneous freezing or heterogeneous freezing occurs [Hendricks et al., 2005; Lohmann et al., 2008] . More recently, more sophisticated parameterizations based on the parcel model framework have been developed to treat the competition between homogeneous freezing and heterogeneous freezing. These parameterizations can be derived using empirical fitting of parcel model results [Liu and Penner, 2005] , analytical formulas based on the particle formation and growth equations Nenes, 2009a, 2009b] , or through a direct numerical integration of a simplified parcel model within a large-scale model [Karcher et al., 2006] . These parameterizations are typically combined with the grid-mean saturation ratio predicted in climate models to determine when heterogeneous freezing or homogeneous freezing occurs [Liu et al., 2007; Gettelman et al., 2010; Salzmann et al., 2010; Hendricks et al., 2011; Kuebbeler et al., 2014] .
What makes it even more challenging in modeling cirrus is the poor representation of mesoscale motions in climate models. Mesoscale motions play a critical role in determining ice formation and growth Haag and Karcher, 2004; Jensen and Pfister, 2004; Hoyle et al., 2005] . As processes that lead to the mescoscale motions in the upper troposphere (e.g., gravity waves generated by topography and convection) are not well treated in models, the representation of subgrid vertical velocity or temperature perturbation from mesoscale motions is still poor in climate models. For example, the subgrid vertical velocity for driving ice nucleation is often diagnosed based on the turbulence kinetic energy (TKE) [e.g., Gettleman et al., 2010] , though it is not clear how well the TKE can represent the mesoscale motions in the upper troposphere. Efforts have been taken to improve the representation of the orographic effects on cirrus formation [Dean et al., 2007; Joos et al., 2008] , though the effects of gravity wave excited by convection on cirrus formation are still neglected in climate models.
Global climate models have been used to study how heterogeneous IN and/or anthropogenic aerosols affect cirrus and climate [Hendricks et al., 2005; Lohmann et al., 2008; Liu et al., 2009; Penner et al., 2009; Wang and Penner, 2010; Hendricks et al., 2011; Gettelman et al., 2012; Liu et al., 2012a; Kuebbeler et al., 2014] and to further explore how cirrus seeding may cool climate [Mitchell and Finnegan, 2009; Storelvmo et al., 2013; Muri et al., 2014; Storelvmo and Herger, 2014] . Gettelman et al. [2012] showed that black carbon aerosols have a small and not statistically significant aerosol indirect effects on cirrus when included as ice nuclei, for nucleation efficiencies within the range of laboratory measurements. Gettelman et al. [2012] showed that anthropogenic aerosols from increasing sulfur emissions can potentially have larger effects with a warming of 0.27 W m 22 with a standard deviation of 0.1 W m 22 from two climate models, though the details of the warming mechanism are different between the two models.
to ice are allowed in cloud-free air and inside cirrus. The paper is organized as follows. Section 2 presents the model description and experiment designs. Section 3 evaluates the performance of this scheme in CAM5 against observations. Heterogeneous IN effects on cirrus and climate are examined in section 4, and anthropogenic aerosol's effects on cirrus and climate are examined in section 5. The summary is provided in section 6.
Model and Methods

CAM5
In this study, the Community Atmospheric Model version 5.1 is used. CAM5 includes a range of enhancement and improvements in the representation of physical processes compared to previous versions, which makes it possible to simulate the full aerosol-cloud interactions in stratiform clouds, including aerosol effects on warm, mixed-phase, and cirrus clouds.
The moist turbulence scheme is based on Bretherton and Park [2009] , which explicitly simulates stratusradiation-turbulence interactions. The shallow convection scheme is from Park and Bretherton [2009] and uses a realistic plume dilution equation and closure that accurately simulates the spatial distribution of shallow convective activity. The deep convection parameterization is retained from CAM4.0 [Neale et al., 2008] . The two-moment cloud microphysics scheme from Morrison and Gettelman [2008] is used to predict both the mass and number mixing ratios for cloud water and cloud ice with a diagnostic formula for rain and snow. The cloud ice microphysics was further modified to allow ice supersaturation and aerosol effects on ice clouds . The radiative transfer scheme in CAM5 is a broadband k-distribution radiation model known as the Rapid Radiative Transfer Model for GCMs (RRTMG) [Mlawer et al., 1997; Iacono et al., 2003; Iacono et al., 2008] . A modal approach is used to treat aerosols in CAM5 [Liu et al., 2012b; Ghan et al., 2012] . Aerosol size distribution can be represented by using either 3 modes or 7 modes, and the default 3-mode treatment is used in this study.
Cirrus Treatment 2.2.1. Cirrus Treatment in CAM5
Cirrus treatment in CAM5.1 is based on Liu et al. [2007] and Gettelman et al. [2010] . Ice nucleation is calculated based on grid-mean relative humidity with respect to ice (RHi) (a scaling factor of 1.2 is used to account for the subgrid variations in RHi), while ice water is primarily generated through vapor deposition that is calculated based on grid-mean RHi. Ice cloud fraction is diagnosed using a relative humidity of total water (water vapor 1 ice water) (RHit) based on the scheme of Slingo [1987] . Cloud fraction increases linearly from 0 to 100% when RHit increases from 80 to 110% in CAM5.1.
As grid-mean RHi is used for ice nucleation, vapor deposition and ice cloud fraction, there are some potential inconsistency in CAM5 cirrus scheme. For example, when RHit increases from 90 to 95%, ice cloud fraction increases from 33 to 50%, but ice water sublimates (RHi < 100%) and no ice nucleation occurs. On the other hand, when RHit decreases from 105 to 102%, cloud decays as cloud fraction decreases, but vapor deposition and ice nucleation still occurs if RHi is larger than 100%. Moreover, ice nucleation is allowed in cloudy sky even if there is plenty of preexisting ice crystals, as long as RHi is high enough and the number concentrations of freshly nucleated ice crystals are larger than the number concentrations of preexisting ice crystals.
A PDF Cirrus Scheme
The PDF cirrus scheme documented in WP10 and KB08 has now been implemented into CAM5.1 to replace its cirrus macrophysics. It provides a consistent treatment of cloud fraction growth/decay, ice nucleation, and ice sublimation/vapor deposition. In KB08, the PDF scheme was constructed for nonconvective cirrus formed by homogeneous freezing of supercooled aerosols and was tested in a box model. This scheme treats cloud growth and decay based on a subgrid-scale distribution of temperature. It uses separate PDFs of total water in the clearsky and the cloudy sky portions of each GCM grid. In WP10, this scheme was implemented in CAM3 coupled with an aerosol model and was further extended to treat both homogeneous freezing and heterogeneous freezing and to couple with anvil clouds generated from convective detrainment. Here we only briefly describe the PDF cirrus scheme, and readers are referred to WP10 and KB08 for more details.
In this PDF cirrus scheme, the specific humidity in both the clear-sky areas and cloudy areas within a grid is predicted in the model. Cloud growth via ice nucleation (increase in cloud fraction) is treated by using the specific humidity in the clear-sky area, while cloud decay (decrease in cloud fraction) is treated by using the specific humidity in the cloudy area of a grid box that is also used to determine the amount of water vapor that deposits onto or sublimates from ice crystals in the cloudy area.
The PDF of saturation ratio in the clear-sky portion is determined from the PDF of subgrid temperature in the clear-sky portion of the grid. The PDF of temperature is assumed to be a constrained normal distribution with a mean temperature predicted by the GCM and a standard deviation (subgrid temperature perturbation, dT). In WP10, dT is prescribed from Gary [2006 Gary [ , 2008 as a function of altitude, topography, season, and latitude. In this study, we will also explore an alternative formula based on the subgrid vertical velocity diagnosed from the turbulent kinetic energy in CAM5.1 (section 2.3). The fraction of the portion of the saturation ratio PDF that exceeds the threshold saturation ratio for ice nucleation is the fraction of the clear-sky part of the grid that is experiencing ice nucleation, and therefore moves to the cloudy part of the grid box. Ice crystal number concentrations generated from ice nucleation depend on the subgrid vertical velocity (m s 21 ), which is linked to the subgrid-temperature perturbation through the following formula (KB08):
In the cloudy part of the grid, specific humidity as well as temperature is assumed to have a uniform distribution. Vapor deposition or sublimation is calculated based on the in-cloud saturation ratio. When the cloudy area is supersaturated, vapor deposition occurs and the supersaturation is relaxed to the saturation level with no change in cloud fraction. When the cloudy area is subsaturated, sublimation of ice crystal occurs and cloud decays. Decrease in cloud fraction due to sublimation is determined by the in-cloud specific humidity, mean in-cloud ice water content, and the PDF of the in-cloud ice water content.
Anvil clouds generated from convective detrainment are an additional source of cirrus in the upper troposphere and are coupled to the KB08 scheme (WP10). The new clouds generated by convective detrainment are assumed to be at saturation with respect to ice. In doing this, anvil clouds and in situ cirrus compete for available water vapor. For example, when anvil clouds are formed due to convective detrainment, it reduces the saturation ratio in the clear-sky portion of a grid, and can potentially reduce the frequency of in situ cirrus formation.
As documented in WP10, both homogeneous and heterogeneous freezing are included, based on the parcel model results of Liu and Penner [2005] . When heterogeneous IN number concentrations (N in ) are larger than a critical heterogeneous IN number concentration (N in_cr ) that is determined by temperature and subgrid vertical velocity, heterogeneous nucleation occurs and cloud fraction increase from heterogeneous ice nucleation is determined by the threshold saturation ratio of heterogeneous freezing, while freshly nucleated ice crystal number concentrations come from both heterogeneous freezing (for the portion of the saturation ratio PDF that exceeds the saturation ratio of heterogeneous freezing) and homogeneous freezing (for the portion of the saturation ratio PDF that exceeds the threshold saturation ratio of homogeneous freezing). When N in is lower than 0.1N in_cr , ice crystal number concentration is determined by homogeneous freezing, and cloud fraction is determined by the threshold saturation ratio of homogeneous freezing. For the intermediate N in (0.1N in_cr <N in < N in_cr ), both homogeneous freezing and heterogeneous freezing occur, and ice crystal number concentrations nucleated gradually decrease from those generated by homogeneous freezing to those generated by heterogeneous freezing with increasing N in .
Model Experiments
Here we perform several model experiments (Table 1) to evaluate this new scheme and to study aerosol effects on cirrus through ice nucleation. CAM5.1 is the simulation with the default CAM5.1 configuration , but with a change in how cloud droplet number concentrations are updated from freshly activated particles. In the default CAM5.1 (CAM5.1_default), cloud liquid condensate is updated from large-scale condensation/evaporation first, and cloud droplet number concentration is updated next, in parallel with the other microphysics processes. This mismatch between liquid condensate and cloud droplet number concentrations can cause excessive depletion of cloud water through autoconversion/accretion processes due to lower droplet number concentrations used for microphysical processes. In the updated version (CAM5.1), both cloud condensate and cloud droplet number concentration are updated before the calculations of other microphysics process rates, which can partly remedy the issue of excessive depletion of cloud water (H. Morrison, personal communication, 2014) . This change leads to larger droplet number concentrations and larger liquid water path (LWP) (see the discussion in section 3.4). [Hoose and Mohler, 2012; Cziczo et al., 2013] . Subgrid vertical velocity used for ice nucleation is diagnosed from the turbulence kinetic energy predicted by the turbulence scheme in CAM5 and an upper limit of 0.20 m s 21 is applied .
In the first set of experiments (wGary), the PDF cirrus scheme described above replaces cirrus scheme in CAM5.1 for temperature below 240 C and the subgrid temperature perturbation is based on Gary [2006 Gary [ , 2008 . The Gary formula is based on an analysis of more than 4000 aircraft flight hours taken by the Microwave Temperature Profiler in the altitude range 7-22 km and with a variety of underlying topography, spanning the latitude range 70 S-80 N. It accounts for the seasonal, latitude, topographic, and altitude dependence of the temperature perturbation. The altitude dependence in the Gary formula is consistent with gravity wave theory [Fritts and Alexander, 2003] .
Following Liu et al. [2012a] Since subgrid temperature perturbation and vertical velocity play a critical role in determining ice nucleation and ice crystal number concentrations (e.g., KB08; WP10), in another set of experiments (wCAM5), the subgrid vertical velocity of Gary [2006 Gary [ , 2008 is replaced with the subgrid vertical velocity used in the standard CAM5.1 [Gettelman et al., 2012] . Equation (1) is used to convert the subgrid vertical velocity to the subgrid temperature perturbation used in the WP10 cirrus scheme.
In the third set of experiments (wCAM5_aCAM5), the same aerosol population (dust and sulfate) and the same subgrid vertical velocity as CAM5.1 are applied. Here coarse mode dust particles serve as The population of Aitken mode sulfate particles that participate in homogeneous freezing: All, all Aitken model sulfate particles; > 100 nm, only those particles with diameter larger than 100 nm.
c The subgrid vertical velocity/temperature formula used for the WP10 cirrus cloud scheme: CAM5, the one used in the default CAM5;
Gary, the one based on Gary [2006 Gary [ , 2008 . The cirrus cloud scheme used in the simulations: WP10, the WP10 cirrus cloud scheme documented in section 2.2.2; CAM5, the cirrus cloud scheme used in the default CAM5, briefly described in section 2.2.1.
e How cloud droplet number concentration is calculated: See the discussion in the first paragraph of section 2.3.
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heterogeneous IN with f dust 51.0, and only sulfate particles with diameter larger than 100 nm participate in homogeneous freezing. A homogeneous freezing only experiment is also performed.
Aerosol and precursor emissions used in our experiments are described in Liu et al. [2012b] . Anthropogenic SO 2 , BC, and POM emissions are from the Lamarque et al. Table 1 ). Observations from MOZAIC data in the tropics and in the NH midlatitudes are also shown. Figures 1 and 2 show that the PDF of RHi strongly depends on freezing modes, the number concentration of heterogeneous IN, and the formulas of subgrid temperature perturbation. For the pure homogeneous freezing cases (wGary_HOM, wCAM5_HOM, and wCAM5_aCAM5_HOM), RHi extends to as high as 150%, and the PDF shapes are close to each other for all three cases. When heterogeneous IN are added, the frequency of RHi that exceeds the threshold RHi of heterogeneous freezing (around 120%) gradually decreases with increasing f dust . At f dust 51, homogeneous freezing rarely occurs in any cases as the frequency of RHi that exceeds the threshold RHi of homogeneous freezing (around 150%) is extremely low. As the subgrid temperature perturbation and vertical velocity from the Gary and CAM5 formulas have different altitudedependence (Figure 3 ), the PDF of RHi from the two formulas shows different altitude-dependence as well. For the CAM5 formula, as the subgrid temperature perturbation generally decreases with increasing altitude over both midlatitudes and tropics (Figure 3 ), even f dust 50.01 strongly suppresses homogeneous freezing at 100-200 hPa (subgrid vertical velocity is low), while f dust 51.0 allows some homogeneous freezing to occur at 200-300 hPa (subgrid vertical velocity is high). In contrast, for the Gary formula, as subgrid temperature perturbation increases with increasing altitude according to the gravity wave theory [Gary, 2006] , even f dust 51.0 allows some homogeneous freezing to occur at 100-200 hPa (subgrid vertical velocity is high), especially over the SH midlatitudes and tropics.
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The PDF of RHi also shows different hemispherical contrasts from the two subgrid vertical velocity formulas. With the Gary formula, the PDF of RHi in the SH is insensitive to f dust for f dust ranging from 0.01 to 0.10, and is close to that of the pure homogeneous freezing case, while with the CAM5 formula, the PDF of RHi is similar in the two hemispheres.
Compared with MOSAIC, our results suggest that the RHi PDF from a small f dust ranging from 0.01 to 0.10 agrees better with observations than that from f dust 51.0. f dust 51.0 predicts too little occurrence of high supersaturaiton and leads to a heterogeneous-freezing-dominated regime. These results are consistent with Zhang et al. [2013] who shows that results from a small f dust (0.05-0.10) agree better with observations. Our Table 1 ).
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results are also consistent with Kuebbeler et al. [2014] , who uses a f dust 50.05 for immersion freezing. The hemispherical contrast in the RHi PDF for a f dust ranging from 0.01 to 0.10 with the Gary formula agrees best with the observed hemispherical contrast from the INCA field campaign [Haag et al., 2003] , which showed that RHi extends to higher value in the SH midlatitudes than in the NH midlatitudes. The hemispherical contrast in the RHi PDF with the CAM5 formula is much smaller.
Ice Crystal Number Concentrations
Figures 4a-4c and 5a-5c compare the frequency distribution of simulated ice crystal number concentrations with those measured in Kramer et al. [2009] . FSSP (Forward Scattering Spectrometer Probe) 100 and 300 instruments were used to measure the ice crystal number concentration. The FSSP 100 and FSSP 300 sample particles in the size range of 1.5-15 and 2-20 lm diameter, respectively. As shown in Kramer et al. [2009], at least 80%, but typically 90% of total ice crystal number concentrations are within the FSSP size range. Ice crystal number concentrations from 28 flights in tropical, midlatitude, and Arctic field experiments are examined in three temperature ranges: 185-195 K, 195-205 K, and 205-215 K. Data collected at warmer temperatures may be contaminated by shattering effects [Kramer et al., 2009] and are not used in this study. Model results are sampled over the six regions reported in Kramer et al. [2009] (see Table 3 in their paper for the flight information).
At temperatures below 205 K, observations show low ice crystal number concentrations, with most ice crystal number concentrations below 100 L 21 and ice crystal number concentrations below 10 L 21 are also frequently observed. The low ice crystal number concentrations at the low temperatures have led to the suggestion that ice crystals are primarily formed through heterogeneous freezing in the tropical tropopause layer [Kramer et al., 2009; Froyd et al., 2010; Jensen et al., 2010; Jensen et al., 2013] . With the Gary subgrid temperature formula (Figure 4 ), simulated ice crystal number concentrations are generally higher than observations, especially at 195-205 K. At f dust 50.01, 0.05, and 0.10, heterogeneous IN has little effects on simulated ice crystal number concentrations. However, f dust 51.0 reduces ice crystal number concentrations and shifts the distribution to the lower ice crystal number concentrations.
With the CAM5 subgrid temperature formula (Figure 5 ), the pure homogeneous freezing cases (wCAM5_-HOM and wCAM5_aCAM5_HOM) produce lower ice crystal number concentrations compared to the Gary formula. This can be partly explained by the low subgrid temperature and therefore the low vertical velocity from the CAM5 formula (Figure 3 ). It is interesting to note that the case of wCAM5_HOM produces double peaks in the simulated frequency distribution of ice crystal number concentration at 185-195 K, which may result from the subgrid vertical velocity distribution. When 1% of dust particles serve as heterogeneous IN (wCAM5_dust0.01), the first peak at about 10 L 21 disappears and shifts to lower ice crystal number concentrations (1-2 L 21 ), while the second peak at the higher ice crystal number concentrations remains. Further increasing f dust gradually shifts the first peak to higher ice crystal number concentration while the second peak shifts to lower ice crystal number concentrations. When f dust 51 (wCAM5_dust1.00), the frequency distribution of ice crystal number concentrations become single mode. When only sulfate particles larger than 100 nm in diameter are used for homogeneous freezing, the pure homogeneous freezing case (wCAM5_a-CAM5_HOM) produces substantially lower ice crystal number concentrations with a peak between 10 and 100 L 21 , typical ice crystal number concentrations from heterogeneous freezing. Adding 100% of coarse mode dust particles as heterogeneous IN only slightly shift the distribution to lower ice crystal number concentrations (wCAM5_aCAM5).
At temperatures between 205 K and 215 K, observed ice crystal number concentrations are substantially higher, with a peak between 100 and 500 L 21 , and model results agree better with observations. The results from the Gary and CAM5 formulas are closer to each other than at lower temperatures, though heterogeneous IN have larger impact with the CAM5 formula, which can be explained by the smaller subgrid vertical velocities from the CAM5 formula at these temperature ranges. The results with the CAM5 formula show that using sulfate particles with diameter larger than 100 nm for homogeneous freezing leads to too few ice crystals at 205-215K.
Simulated ice crystal number concentrations are further compared with those observed during the SPARTI-CUS field campaign [Zhang et al., 2013] It is interesting to note that, the overestimation of ice crystal number concentrations at 225-235 K is persistent among all experiments. Heterogeneous freezing, more heterogeneous IN or different subgrid vertical velocity formulas help little in this regard. The overestimation of ice crystal number at this temperature range is also evident for CAM5 simulations with two different ice nucleation parameterizations in Zhang et al. [2013] . We note that ice crystal number concentrations observed in this temperature range are much higher from the NASA Mid-latitude Airborne Cirrus Properties Experiment (MACPEX), with a peak at around 100 L 21 and dominated by anvil clouds [Zhang et al., 2013] .
At 205-215 K, simulated ice crystal number concentrations with the pure homogeneous freezing simulation agrees better with observations, which may suggest that homogeneous freezing dominates ice formation at this temperature range over this location, consistent with Zhang et al. [2013] . We note that ice crystal Table 1 ).
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WANG ET AL. Table 2 lists the global, annual mean model fields in CAM5 with the WP10 cirrus scheme, along with results from CAM5.1 and observations. Results from the new scheme are shown for three cases that include both homogeneous and heterogeneous freezing (wGary_dust0.10, wCAM5_dust0.10, and wCAM5_aCAM5). wGary_dust0.10 and wCAM5_dust0.10 are chosen since f dust 50.10 produces better RHi PDFs and is also close to those used in other studies [Zhang et al., 2013; Kuebbeler et al., 2014] . For wCAM5_aCAM5, the same coarse mode dust particle as those in CAM5.1 is used as heterogeneous IN. The effects of heterogeneous IN on simulated cloud properties and radiative fluxes will be further discussed in section 4. Table 1 ).
Global Results
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WANG ET AL. Column-integrated ice crystal number concentrations (N i ) range from 0.0078 3 10 10 m 22 to 0.017 3 10 10 m 22 with the WP10 scheme, while it is 0.010 3 10 10 m 22 in CAM5.1. When the same subgrid vertical velocity formula and the same aerosol population as CAM5.1 are used for ice nucleation in CAM5 with the WP10 scheme (wCAM5_aCAM5), column-integrated ice crystal number concentration is lower than that in CAM5.1 (0.0078 3 10 10 m 22 versus 0.010 3 10 10 m 22 ). This may partly come from the fact that in WP10, ice nucleation only occurs in the clear-sky part that have relative humidity exceeding the threshold relative humidity for ice nucleation, while in CAM5.1, ice nucleation can happen in a grid whenever the grid-mean relative humidity is larger than a certain threshold, independent of the preexisting ice crystal number concentrations. Lower ice crystal number concentrations are simulated in the upper troposphere above 200 1987 -1994 , Ferraro et al., 1996 for August 1993 and January 1994 , Weng and Grody, 1994 and for August 1987 and February 1988 , Greenwald et al., 1993 and ISCCP for the year 1987 [Han et al., 1994] . SSM/I data are restricted to oceans. hPa over the tropics in wCAM5_aCAM5 than in CAM5.1, while higher ice crystal number concentrations are simulated in the midlatitude upper troposphere (Figure 8 ).
When all sulfate particles in the Aitken mode instead of sulfate particles with diameter larger than 100 nm are allowed to form ice crystals through homogeneous freezing (wCAM5_dust0.10), column-integrated ice crystal number concentration increases substantially from 0.0078 3 10 10 m 22 to 0.017 3 10 10 m 22 . Simulated ice crystal number concentrations in the upper troposphere are higher over all latitudes in wCAM5_-dust0.10 compared to wCAM5_aCAM5 (Figure 8 ). With the Gary subgrid vertical velocity formula, columnintegrated ice crystal number concentration decreases from 0.017 3 10 10 m 22 to 0.011 3 10 10 m 22 , close to that in CAM5.1. This may come from the fact that the subgrid vertical velocity from the Gary formula is lower than that from the CAM5 formula at low altitudes. Simulated high ice crystal number concentrations (larger than 200 L 21 ) extend to high altitudes with the Gary formula (Figure 8 ), as the subgrid temperatures increase with altitude in the Gary formula while they decrease with altitude in the CAM5 formula (Figure 3) . Simulated shortwave cloud forcing (SWCF) and longwave cloud forcing (LWCF) in wGary_dust0.10 and wCAM5_aCAM5 are close to those in CAM5.1, and in reasonable agreement with observations (Table 2 and Figure 9 ). SWCF and LWCF in wCAM5_dust0.10 are larger than those in CAM5.1 (Table 2 and Figure  9 ). This is mainly caused by the larger ice crystal number concentrations in wCAM5_dust0.10 than in CAM5.1.
The Effects of Heterogeneous IN in the PD Simulations
In this section, we examine how heterogeneous IN affect cloud properties and radative fluxes. Table 3 summarizes changes in simulated cloud properties and radiative fluxes from heterogeneous IN with the WP10 scheme by comparing model results that include both heterogeneous freezing and homogeneous freezing to the corresponding pure homogeneous freezing cases. Our results show that the effects of IN on cirrus strongly depend on the treatment of subgrid vertical velocity, the population of heterogeneous IN, and the population of sulfate particles participating in homogeneous freezing. Our results further show that changes in clear-sky longwave radiative fluxes can contribute significantly to changes in the total radiative fluxes because of changes in water vapor, depending on the subgrid vertical velocity formulas in the upper troposphere. shows the difference between wCAM5_aCAM5 and wCAM5_aCAM5_HOM (Table 1) (Table 3) . This can again be explained by the changes in the RHi PDF in the upper troposphere (Figure 2 ). Unlike the simulations with the Gary formula, heterogeneous IN significantly change the RHi PDF in the upper troposphere in the simulations with the CAM5 formula, even with f dust 50.01. As discussed in Section 3.1, the subgrid vertical velocity from the CAM5 formula is generally lower in the upper troposphere, and therefore even a small amount of dust particles serving as IN can significantly change ice crystal number concentrations and water vapor in the upper troposphere.
Increasing heterogeneous IN gradually increases high cloud amount (CLDHGH) with the Gary formula. With the CAM5 formula, however, this is only true when f dust increases from 0.0 to 0.01, and high cloud amount decreases when IN increases further. On the one hand, increasing heterogeneous IN makes cloud formation easier due to the reduced threshold RHi for cirrus formation, leading to more cirrus. On the other hand, increasing heterogeneous IN decreases ice crystal number concentrations, which increases sedimentation and decreases ice cloud amount. The first factor wins with the Gary formula, while the second factor wins in most cases with the CAM5 formula.
Changes in surface precipitation (PRECT) are mostly from convective precipitation (PRECC), and changes in stratiform precipitation are small (not shown). As SST and sea ice are prescribed from the climatological data in our simulations, changes in precipitation are from the fast atmospheric response [Andrews et al., 2010] . The fast atmospheric response refers to the adjustment of the stratosphere, troposphere, and the land surface before any changes in global-and annual-mean surface temperature occurs and typically has a timescale of weeks to months [Gregory and Webb, 2008; Bala et al., 2010; Lohmann et al., 2010] . As shown in Andrews et al. [2010] , the fast response in precipitation is strongly correlated with the atmospheric component of changes in radiative fluxes, which is defined as changes in the atmospheric absorption and is calculated as the difference between changes in net TOA radiative fluxes and changes in net surface radiative fluxes. This strong correlation can be understood from the energy transfer point of view [e.g., Allen and Ingram, 2002] . Due to a small heat capacity, the atmosphere cannot store heat, and radiative cooling of the atmosphere is balanced by latent heating (precipitation) and sensible heating. Since Bowen's ratio (ratio of sensible to latent heat fluxes) is about 0.2, it is likely that the latent heat response will dominate over sensible heat fluxes. Therefore, any perturbation to the atmospheric radiative cooling is balanced primarily by a change in precipitation. This can also be understood from changes in atmospheric stability, which is caused by fast changes in troposphere temperatures above an unchanged surface [Dong et al., 2009] . Figure 10 shows the scatter plot of changes in surface precipitation and changes in the atmospheric absorption (FATM in Table 3 ) from heterogeneous IN. The percent changes in surface precipitation are proportional to the changes in the atmospheric component of the radiative forcing, consistent with Andrews et al. [2010] (their Figure 2e) . Changes in precipitation are less related to either changes in TOA net radiative fluxes or changes in surface radiative fluxes (Table 3) , which is also consistent with Andrews et al. [2010] . These results suggest that the fast response in precipitation from aerosol effects on cirrus is consistent with the fast response in precipitation from other forcing agencies examined in Andrews et al. [2010] , such as black carbon and CO 2 . As the atmospheric components of aerosol effects on ice clouds are large (2 to 4 times the changes in the TOA radiative fluxes, see Table 3 ) and are proportional to the fast response in surface precipitation, our results suggest that it is important to examine the atmospheric component of the radiative forcing and its impact on the hydrological cycle for studying aerosol effects on cirrus.
The change in precipitation through the fast atmosphere response helps to explain increases in surface precipitation from cirrus cloud seeding in CAM5 simulations with prescribed SST [Storelvmo and Herger, 2014] . This also helps to explain why the global annual mean surface precipitation has nearly no change from cirrus cloud seeding in coupled simulations [Muri et al., 2014] . In the coupled simulations, precipitation increase through the fast response due to the reduced atmospheric absorption compensates precipitation reduction through the slow response due to surface cooling from cirrus cloud seeding, which leads to negligible change in the global annual mean surface precipitation. This may make cirrus cloud seeding an attractive alternative compared to the geoengineering approach of solar radiation management (SRM) which has the side effect of reducing surface precipitation [Bala et al., 2008] .
Changes in Anthropogenic Aerosol Forcing From Different Cirrus Treatments
In this section, we examine how the effects of anthropogenic aerosols on the radiative fluxes may depend on different cirrus treatments discussed above, namely, different ice nucleation modes, different heterogeneous IN number concentrations, and different subgrid vertical velocity formulas. To examine this, for each Table  3 ); and changes from anthropogenic aerosols with the Gary formula (wGary anth. aerosol effects) and with the CAM5 formula (wCAM5 anth. aerosol effects) (listed in Table 4 ). simulation discussed in sections 3 and 4, a corresponding simulation with preindustrial (PI) aerosol and precursor emissions (the year of 1850 is chosen) was performed. Anthropogenic aerosol effects in clouds and climate are calculated as the difference between PD and PI simulations and are shown in It is interesting to note that the largest anthropogenic aerosol effects on longwave cloud forcing are from the pure homogeneous freezing cases for both the Gary and CAM5 formulas. Anthropogenic aerosol effects on longwave cloud forcing are 0.60 W m 22 , 1.66 W m 22 and 0.22 W m 22 for wGary_HOM, wCAM5_HOM, and wCAM5_aCAM5_HOM, respectively. More sulfate particles participating in homogeneous freezing (wCAM5_HOM versus wCAM5_aCAM5_HOM) and higher subgrid temperature perturbation (wCAM5_HOM versus wGary_HOM) lead to larger changes in longwave cloud forcing. In our case, ice crystal number concentrations from homogenous freezing increase moderately with increasing sulfate number concentrations from LP05 parameterization. This is in contrast to Karcher and Lohmann [2002] who showed that the number of ice crystals formed through homogeneous freezing is rather insensitive to the number of solution aerosol particles. However, this is under the assumption that the timescale of depositional growth of the pristine ice particles is faster compared to the timescale of the freezing event. Kay and Wood [2008] showed that ice crystal concentrations from homogeneous freezing can be quite sensitive to aerosol concentration when ice deposition coefficient is much less than 0.1 (a deposition coefficient of 0.5 is used in Karcher and Lohmann [2002] ). Using a cloud-system-resolving model with two-moment cloud microphysics scheme, Muhlbauer et al. [2014] also showed that sulfate aerosol number concentrations available for homogeneous freezing have virtually no effect on the microphysical properties and radiative impact of midlatitude and subtropical cirrus and have only minor effect on tropical anvil cirrus. For midlatitude and subtropical cirrus, the insensitivity of cirrus cloud properties to sulfate aerosol number concentrations is attributed to the fact that cirrus formation in these clouds is dominated by heterogeneous freezing in their simulations. With a time step of 10 s, it is not clear how well the supersaturation is simulated for ice freezing events and further for the effects of sulfate aerosol number concentrations on simulated cirrus cloud properties in Muhlbauer et al. [2014] . The discrepancy between this study and some other studies is now being further investigated with cloud parcel models under a variety of conditions such as sulfate aerosol size distribution, updraft velocity, numerics, etc. (Xiaohong Liu et al., manuscript in preparation, 2014). ). This suggests that different cirrus treatments explored here have even larger effects on the atmospheric component of the anthropogenic aerosol forcing than on the TOA radiative forcing. As the atmospheric component of the radiative forcing is directly related to the fast response in the hydrology cycle ( Figure 10 and the discussion in section 4), this suggests that there are even more urgent needs to improve our understanding of how aerosols affect cirrus and further the hydrological cycle.
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Summary
In this study, we have implemented a statistical cirrus scheme based on Karcher and Burkhardt [2008] and Wang and Penner [2010] in CAM5 (version 5.1). This scheme tracks ice saturation ratio in the clear-sky and cloudy portion of a grid box separately, and uses the subgrid saturation ratio in the clear-sky part to treat ice nucleation and cloud growth. This scheme therefore provides a consistent treatment of ice nucleation and cloud formation. In contrast, the default cirrus cloud scheme in CAM5 uses grid-mean saturation ratio for ice nucleation, vapor deposition/sublimation, and ice cloud fraction , which can cause some potential inconsistencies in the treatment of these processes. Sensitivity experiments are performed to evaluate the model performance and to further examine aerosol effects on cirrus through ice nucleation.
Simulated ice supersaturation and ice crystal number concentrations strongly depend on the number concentrations of heterogeneous ice nuclei (IN), subgrid temperature formulas, and the number concentration of sulfate particles participating in homogeneous freezing, while simulated ice water content is insensitive to these perturbations.
Our results show that a f dust (the fraction of dust particles that can serve as heterogeneous IN) ranging from 0.01 to 0.10 produces the PDF of RHi in better agreement with observations (Figures 1 and 2) . f dust 51.00 produces too little homogeneous freezing, and leads to cirrus dominated by heterogeneous freezing. The subgrid vertical velocity from the Gary formula [Gary, 2006 [Gary, , 2008 produces a heterogeneous-freezingdominated regime at warm temperatures and a homogeneous-freezing-dominated regime at cold temperatures. This can be partly explained by the fact that the subgrid temperature perturbation increases with altitude in the Gary formula. As for the CAM5 subgrid temperature formula, the model predicts substantial heterogeneous freezing in the upper troposphere (100-200 hPa) even at f dust 50.01, due to the low subgrid temperature perturbation predicted by the CAM5 formula. This points to the need of quantifying not only the magnitude of subgrid temperature perturbation but also its altitude dependence.
We note that the PDFs of RHi simulated in CAM5 by its default cirrus scheme shows a strong spike at RHi around 100% (Figure 10 in Gettelman et al. [2010] ; Figure 6 in Liu et al. [2012a] ; Figure 6 in Zhang et al. [2013] ), while no such spike exists in our simulations with the new statistical cirrus scheme (Figures 1 and  2) . As grid-mean RHi is used to treat ice nucleation, ice cloud fraction, and vapor deposition/ice water sublimation in the CAM5's default cirrus scheme, vapor deposition and ice water sublimation work to bring RHi back to 100%, which leads to the RHi spike at around 100% in CAM5 simulations. In contrast, as the new scheme uses clear-sky subgrid RHi to treat ice nucleation and cloud growth, and uses RHi in the cloudy part to treat vapor deposition and ice sublimation, this helps to avoid the spike at RHi5100%.
Our results show that dust particles serving as heterogeneous IN can significantly change shortwave and longwave cloud forcing. Depending on the subgrid vertical velocity formulas, and the population of dust Our results show that aerosol effects on cirrus not only change the TOA radiative fluxes by a significant amount, but also exert an even larger impact on the atmospheric component of the radiative fluxes (2 or 3 times the changes in TOA radiative fluxes) and therefore have a significant impact on the hydrology cycle through the fast atmosphere response [Andrews et al., 2010] . (Table 4 ). The percentage change in surface precipitation is proportional to changes in the atmospheric component of the radiative fluxes, consistent with the results from other forcing agencies, such as BC, sulfate, and CO 2 examined in Andrews et al. [2010] . Our results suggest that perturbation to cirrus through ice nucleation caused by natural aerosols (e.g., dust), anthropogenic sulfate, or cloud seeding through geoengineering [Storelvmo et al., 2013] may cause significant perturbation to the hydrology cycle, and warrants further examination.
The change in precipitation through the fast atmosphere response helps to explain why the global annual mean surface precipitation has nearly no change from cirrus cloud seeding in coupled simulations [Muri et al., 2014] , as precipitation increase through the fast response due to the reduced atmospheric absorption compensates precipitation reduction through the slow response due to surface cooling from cirrus cloud seeding. This may make cirrus cloud seeding an attractive alternative compared to the geoengineering approaches of solar radiation management (SRM) which have the side effect of reducing surface precipitation [Bala et al., 2008] .
